The regA gene product of bacteriophage T4 is an autogenously controlled translational regulatory protein that plays a role in differential inhibition (translational repression) of a subpopulation of T4-encoded "early" mRNA species. The structural gene for this polypeptide maps within a cluster of phage DNA replication genes, (genes 45-44-62-regA-43-42). all but one of which (gene 43) are under regA-mediated translational control. We have cloned the T4 regA gene, determined its nucleotide sequence, and identified the ami no-terminal residues of a plasmid-encoded, hyperproduced regA protein. The results suggest that the T4 regA gene product 1s a 122 amino acid polypeptide that 1s mildly basic and hydrophilic In character; these features are consistent with known properties of regA protein derived from T4-1nfected of the nucleotide sequences of the regA gene and its three upstream neighbors (genes 45, 44, and 62) suggest the cells. Computer-assisted analyses of the nucleotide sequences of the regA existence of three translational initiation units 1n this four-gene cluster; one for gene 45, one for genes 44, 62 and regA, and one that serves only the regA gene. The analyses also suggest that tFie gene 44-62 translational unit harbors a stable RNA structure that obligates translational coupling of these two genes. 
INTRODUCTION
Several protein translational repressors have been identified in prokaryotic organisms (1). These include ribosomal proteins of Escherichia coll (2-5), the coat and repllease proteins of the RNA bacteriophages (6-10), the gene V protein of the filamentous DNA phages (11, 12) , the bacteriophage P22 scaffolding protein (13-15), the single-stranded DNA binding (s^bj protein of bacteriophage T4 (16) (17) (18) , and the T4 regA protein (19, 20) . The T4 _ssb_ protein (encoded by gene 32), is known to be essential for phage DNA replication, DNA repair and genetic recombination (21-23). In addition to binding DNA, the T4 ssb protein can interact specifically with its own mRNA to effect autogenous translational repression (16) (17) (18) . Physiological and genetic studies suggest that the T4 regA protein 1s also a translational repressor of its own synthesis (19, 20) as well as the synthesis of several other T4-encoded proteins (24, 25) . That 1s, mutations In the regA gene result in overproduction of phage DNA replication proteins as well as of the defective regA polypeptides (26) . One regA repressor-recognition site, on T4 rlIB mRNA, has been identified genetically (20) ; the site lies within the rlIB ribosome binding site. The _reg_A-insensitive mutations in rl IB probably define a translational operator site at which the regA product competes with Mbosomes for rlIB mRNA (20) . The T4 regA gene maps within a cluster of DNA replication genes and may, conceivably, play a role in replication 1n addition to its role 1n regulating the synthesis of a set of replication enzymes (26, 27) . The roles of regA protein in translational regulation and replication could be elucidated via its purification and biochemical characterization.
Three properties of the T4 gene 32 system have facilitated cell-free characterization of translational repression by that protein: (a) phage Infections can be manipulated to hyperproduce the protein (16, 17) , (b) the DNA-b1nding properties of the protein allow for its isolation and purification by simple chrotnatographic procedures (18) , and (c) unlike the majority of T4-encoded mRNAs, the mRNA from gene 32, which bears the only known oligoribonucleotide target for repression by gene 32 protein, is Intrinsically stable and can be Isolated in biologically active form (18) . By contrast, the T4 regA protein is synthesized 1n small amounts in phage-infected cells (19, 24, 25) and the substrate mRNA species that are repressed via regA protein constitute a heterogeneous population (28, 29) which is difficult to fractionate into individual species. As a first step in developing sources of T4 regA protein for biochemical studies, we have constructed several recombinant plasmids that bear different regA alleles, some of which can be Induced to overproduce the regA gene product. We report here the nucleotide sequence of the T4 regA gene and the amino-terminal sequence of an overproduced mutant regA protein encoded by a recombinant plasmid. We have noted as well a probable example of translational coupling for a polycistronic mRNA regulated by the regA protein. (33) . Dr. Murray provided us with an imm21 recombinant phage designated NM761-4, which carries intact T4 genes 45, 44, 62 and regA as well as segments of T4 genes 46 and 43. Phage NM761-4 expressed these T4 genes under control of the 1imi2l leftward promoter (P L ) (unpublished observations) and served as the source of the DNA that we used for subcloning regA in plasmids suitable for DNA sequence determinations.
MATERIALS AND METHODS
Expression vectors, employing lambda P L and cI857, were constructed from a pACYC184 regA clone previously identified in a T4 Hindi 11 genomic bank (34) . The regA-containing 2.0 kb Hindi 11 fragment 1n this latter clone, pPG3, was derived from T4 phage that harbored mutations 1n several DNA synthesis genes. Although the original regA allele was wild-type, this DNA did yield a regA clone that failed to show autogenous translational repression (35; see Figure 3 ). Plasmid pEM104 is representative of this series of plasmids.
Enzymes and reagents
Restriction endonucleases, T4 polynucleotide kinase, T4 DNA ligase, and L_. coli DNA polymerase I (Klenow fragment) were purchased from Bethesda Research Laboratories (Gaithersburg, MD), New England Biolabs (Beverly, MA), and New England Nuclear (Boston, MA) and were used in accordance with protocols from these suppliers. Calf intestine alkaline phosphatase, purchased as an ammoni um sulfate suspension from Boehringer-Mannheim (Indianapolis, IN), was used at 60*C in 90 ul of assay buffer containing 110 mM Tris-Cl, pH 8, 28 mM NaCl, 1 mM MgCl 2 , 0. Purification and characterization of a regA protein Plasmid-encoded regA protein was purified from heat-1nduced cells containing the P| -regA fusion plasmid pEM104 (see Figure 3) . The purification scheme is detailed elsewhere (35) . Briefly, the mutant regA protein encoded by pEM104 was found to be membrane-associated and was order to determine cysteine (cysteic acid) and methionine (methionine sulfone). All analyses were performed on a Durrum D500 amino acid analyzer.
The regA protein (180 nmol) was treated prior to Edman degradation with
[3H]-iodoacetic acid in order to carboxymethylate free cysteine (39), and was then reisolated by reverse phase chromatography as described (35) . The product was subjected to successive rounds of automated Edman degradation (40) on a Beckman 8900 sequenator. Phenylthiohydantoin amino acids were identified by at least 2 out of 3 methods: reverse phase chromatography, gas chromatography or thin layer chromatography, performed at the University of California, Davis Protein Structure Facility. Although the protein is homogeneous on HPLC and SDS gels, only ca. 5% of the expected yield was obtained for each cycle. Apparently 95% of the regA protein contained a blocked ami no-terminus, which might be N-formylmethion1ne. cluster. We noted that the regA gene fell between PstI and Aval sites and we used these sites to subclone the gene and to construct overlapping BAL-31 exonuclease-generated deletions that terminated at different distances from and Into the structural gene. BamHI oligonucleotide linkers were introduced at the exonucl ease-generated deletion termini. These clones facilitated the determination of the regA nucleotide sequence. By using the methods devised Underlined amino acids are residues whose identity was confirmed by N-terminai sequencing of purified regA protein; all others were Inferred from the nucleotide sequence, but are consistent with the amino acid composition of the purified protein (see text).
RESULTS

Nucleotide
by Maxam and Gilbert (36) , almost the entire sequence of the sense strand of the regA gene could be determined with [ 3Z P]5'end-labeled, Aval-digested pTH778 DNA or its derivatives (Figure 1 ). Sequence determinations on the BamH I-digested plasmids bearing the deleted T4 fragments yielded overlapping data for the anti-sense strand of regA and also served to confirm the sequence obtained from the Aval side of the gene. b) An SDS/urea-polyacrylamide gel (16X) run according to the published procedure (37) and stained with Coomassie brilliant blue R. Samples are a) total protein from E. coli NapIV containing pGW7, Incubated at 42*C, b) total protein from NapIV/p"EM104 Incubated at 30*C, c) total protein from NapIV/pEM104 Incubated at 42*C, d) protein extracted from membranes Isolated from cells as shown in lane c (see Materials and Methods), and e) ca. 4 ug of HPLC peak fraction of purified regA protein (35) . its DNA sequence have been determined (41) and our nucleotide sequence for the region upstream from the regA Initiator AUG matches this sequence perfectly. Overproduction and characterization of a T4 regA gene product Figure 3 diagrams pEM104, the recombinant plasmid that was used in the production of regA protein for amino acid composition and sequence analyses. This plasmid, a member of the pEMlOO-series of regA gene clones (Materials and Methods), harbored a mutant regA allele that rendered regA protein synthesis Insensitive to autogenous translational repression (35) . In these clones, transcription of the regA gene under control of the lambda cI857 P[ _N genetic elements in pGW7 could be induced at 42*C (Figure 3a) and, because of transcriptional and translational derepression, large quantities of the regA gene product could be accumulated (Figure 3b) . We estimate that under the conditions described in Figure 3 , regA protein synthesis could be amplified to comprise at least 10X of the total cell protein. The properties of the pEMlOO-series of clones proved to be practical for generating sufficient quantities of protein for purification and use in amino-terminal sequencing studies and for preparation of antibody reactive against wild-type regA protein (35) . Typically, 4-5 og of regA protein were recovered from 500 ml of induced culture at 3 x 10 8 cells per ml. We also scanned and analyzed the anti-sense strand RNA from these regions. One site, at nucleotide position 944 (Table 1) , I.e. within the gene 44 coding region, was revealed by all three matrix weighting functions, giving an average mv of 161, the largest numerical assignment for any site on either strand (Table 1) protein synthesis (57). We envisage that the traversing ribosome previously initiated at gene 44 would need to disrupt the secondary structure in order to allow reinitiation at gene 62. That is, even the weak ribosome binding site on the gene 62 mRNA (Table 1) 
